Heat-capacity measurements by adiabatic equilibrium calorimetry are reported for y-phase Pr 2 S 3 , Tb 2 S 3 , and DY2S3 between 5 and 350 K. Highly purified samples were prepared and their composition verified by chemical analysis. Precision lattice parameters were determined for each compound and are compared with literature values. The total heat capacity has been resolved into lattice, magnetic, and Schottky components by a volumetric approach. The experimental Schottky contributions accord with the calculated curves based on the crystalfield splitting of the 2S+ ILJ ground state of the lanthanide ions occupying sites ofS 4 symmetry in the Th 3 P 4 lattice. The individual crystal-field electronic energy levels have been obtained in part from an analysis of the hot-band data observed in the absorption spectra ofPr z S 3 , Tb 2 S 3 , and DY2S3' and from a calculated splitting in which the crystal-field parameters B km , were determined from a lattice-sum calculation. Molar thermodynamic properties are reported for all three compounds. The entropy at 298.15 K {SO -SO (7 K)}, is 22.78R, 22.93R, and 23.36R, for y-phase Pr2S3' Tb 2 S 3 , and DY2S3' respectively.
I. INTRODUCTION
In the first paper of this series (referred to as I) we presented the thermophysical properties of four lanthanide sesquisulfides having the Th 3 P 4 (y-phase) structure, namely La 2 S 3 , Ce 2 S 3 , Nd 2 S 3 , and Gd 2 S 3 . 1 Interest in these materials arises from their success as components in solar energy absorbers and photovoitaic cells. 1-6 The defect structure of the material allows one to explore a range of electronic transport phenomena as the solid-solution between R 2 S 3 and R 3 S 4 involves a change from insulating to semimetallic characteristics without a change in phase. 7 - 
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In this paper we extend the analyses given in I to other lanthanide sesquisulfides that can be prepared in the same phase. These compounds include y-phase Pr 2 S 3 , Tb 2 S 3 , and Dy 2S3' The compound Sm 2 S 3 is a special case that we reserve for discussion in a later paper. Literature heat-capacity values for y-phase Pr 2 S 3 , Tb 2 S 3 , and DY2S3' do not extend to sufficiently high temperatures to determine the Schottky contribution due to the crystal-field electronic energy levels associated with the 2S + I L J ground-state manifold of the tripositive lanthanide ion. 13 Moreover, their samples were not well characterized as to their chemical composition.
In this paper we include additional details of the sample preparation, and verify the crystal structure of samples investigated. 7 We report heat-capacity measurements between 5 and 350 K resolved into lattice, magnetic, and Schottky components for y-phase Pr 2 S 3 , Tb 2 S 3 , and DY2S3' based on the crystal-field electronic energy levels of the ground-state manifold ofPr 3 + eH 4 ),Tb 3 + CF 6 ), and D y3 + (6H I5/2 ) . A detailed analysis of the crystal structure of the y phase of these sesquisulfides indicates that the lanthanide ions occupy sites of S4 symmetry. 15- 21 We conclude that the volumetric method used to determine the Schottky contribution represents a valid approach to the analysis of molar heat-capacity data for all y-phase Ln 2 S 3 compounds. 1,20,22
II. SAMPLE PREPARATION
The Pr Z S 3 , Tb 2 S 3 , and DYZS3 samples were prepared by direct combination of the pure elements in a manner similar to that described earlier. 23 The lanthanide metals were prepared in the Ames Laboratory and had the chemical analyses typical of the highly purified metals produced in that laboratory.z4 Sublimed sulfur (99.999%) was contained from ASARCO. 25 After the synthesis was carried out in sealed quartz ampoules; the material was not melted as it had been in a previous study.23 Instead, the quartz ampOUles were opened and the sulfide ground and sieved to 200 mesh powder. The powder was cold pressed into pellets 3 mm thick by 15 mm diameter. The pressed pellets ofPr 2S3 were heated to 1500 ·C under a dynamic H 2 S atmosphere for 9 h. The Tb 2 S 3 and DY2S3 pellets were heated to 1450·C for 48 h under flowing H 2 S.
Debye-Scherrer x-ray patterns taken at 295 K con- tained only lines of the r-phase structure. Precision lattice parameters were determined by measuring the theta values of the doublets in the back reflection and applying a NelsonRiley extrapolation function to the data. Lattice parameters determined in this study are given in Table I along with literature values. 7 The final composition was determined by chemical analysis. The sesquisulfides were dissolved in 4.8 M hydrochloric acid and the evolved hydrogen sulfide gas was colIected in a solution of sodium hydroxide and hydrogen peroxide. The sulfate which formed was determined as barium sulfate. The lanthanide ions in solution were quantitatively analyzed by titrating with EDT A. An additional test, which was the most sensitive to the presence of trace oxysulfide impurities, was to dissolve the sulfide in 6N HCI and observe the clarity of the solutions. A clear solution indicates the absence of oxysulfide. All samples used in this study gave clear solutions on dissolution.
III. AUTOMATED ADIABATIC CALORIMETRY
The heat-capacity data were taken in the Mark X calorimetric cryostat, an improved version of the Mark II cryostat previously described (by addition of a guard shield surrounding the adiabatic shield) together with the relevant operating techniques. 26 The acquisition of heat-capacity data from about 5 to 350 K was computer assisted. 27 A goldplated oxygen-free high-conductivity copper calorimeter (laboratory designation W -61) specially equipped with a pair of perforated copper spring-loaded sleeves soldered to the heater-thermometer well to hold the sulfide pellets was employed for alI measurements. After loading the calorimeter was evacuated and about 2.0 kPa (at 300 K) helium gas added to facilitate thermal equilibration. The calorimeter seal-off tip was closed with Cerroseal (50 mass percent tin and indium) solder. Temperatures were measured on an ASL-7 induction bridge with a Leeds and Northrup platinum-resistance thermometer sensor calibrated by the National Bureau of Standards (now called NIST). All other accurate experimental quantities are referred to standards and calibrations provided by NBS. tions. The data, in energy-dimensionless units, are given in chronological sequence so that the temperature increments can usually be deduced from differences in adjacent temperatures. Data were obtained between 5 and 350 K and are represented in Fig. 1 . They are compared with the results for La 2 S 3 that has no excess contribution to the "lattice" Cpo The low temperature detail of Fig. 1 J3 The results for DY2S3 and Pr 2 S 3 are in reasonable agreement, whereas the results for Tb 2 S 3 are lower than the values reported by Ho et al. 13 The difference may be due to the difference in stoichiometry between the two Tb 2 S 3 samples. Additionally there is a small peak in our data of unknown origin at 12.4 K without any relevant feature in the susceptibility measurements. 28 Although no evidence is found for magnetic ordering in Pr 2 S 3 above 1 K neither from magnetic susceptibility28 nor from heat-capacity measurements, DY2S3 shows antiferromagnetic ordering around 3 K, and Tb 2 S 3 has low lying levels below 10 K. This precludes determination of the Debye characteristic temperature at 0 K. For Pr 2S3 our data accord well with the values of Ho et al. 13 which extend to lower temperatures ( Fig. 1) .
IV. CALORIMETRIC MEASUREMENTS
The thermodynamic properties of r-phase Pr 2S3' Tb 2 S 3 , and DY2S3 between 7 and 350 K are summarized in Tables III-V. The accuracy is characterized by <0.1% standard deviation above 15 K. Below this temperature, standard deviations of the heat-capacity gradually increase until they attain an uncertainty of about two percent at the lowest temperatures.
V. DETERMINATION OF SCHOTTKY HEAT-CAPACITY CONTRIBUTIONS
The presence of Schottky contributions to the heat capacities of r-phase Pr 2 S 3 , Tb 2 S 3 , and DY2S3 is evident upon comparison with the La 2 S 3 and Gd 2 S 3 curves reported in I. The volume-weighted lattice heat capacity approximation technique has been used successfully in several other groups oflanthanide compounds (sesquioxides, halides, trihydroxides, etc.) to deduce the vibrational lattice contribution.
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Of the r-phase lanthanide sesquisulfides, only La 2 S 3 , has not excess contribution in the heat capacity. After subtraction of the low-temperature magnetic contribution in the r-phase Gd 2 S 3 , its lattice heat capacity was used in I together with that of La 2 S 3 to interpolate the values for the other isostructural lanthanide sesquisulfides with this technique. This 
VI. ANALYSIS OF OPTICAL SPECTRA
We compared the Schottky heat-capacity curves (Figs. 2-4) with the Schottky contributions based on the experimental crystal-field energy levels for Pr 3 + eH 4 ), Tb 3 + CF 6 ) , and D y3 + (6H I5/2 ) in the sesquisulfide lattice. The levels were determined from an analysis of the absorption spectra reported earlier for each compound. 2 • 10 • 1 6-19 The Schottky heat capacity has been developed using the partition function Z for a general system of n energy levels of energies Ei and degeneracies gi n Z = L gi exp( -E;lRD i=O and taking Eo = 0, the average energy of such a system is given by n E= Z -I L giEi exp ( -E;lRD. i=O Hence, the electronic heat capacity is given by
The crystals used in those measurements were shown to have a stoichiometry and structure similar to the materials used in the present study and reported in Table I . Further details regarding sample preparation, crystal growth, and optical transmission characteristics of those crystals are given in Refs. 31-33. 
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Cp/R {SO _ S0 (7)}/R {HO -H° (7)}/R K -{Go _ G 0 (7) levels. Since the overall symmetry of the crystal is cubic, it is not possible to carry out the usual polarization experiments to establish the symmetry label for individual levels. However, an analysis of the hot bands made by comparing the absorption spectra observed at 10, 80, and 300 K establish The isolated excited states 3P O (20400 cm -I) and 3 PI (split into two crystal-field electronic energy levels at 20 900 and 20 950 cm -I) provide the best series of hot-bands in the absorption spectra from which we were able to obtain the splitting ofthe ground state 3 H 4 • Analysis ofthe magnetic susceptibility data indicates that the crystal field electronic ground-state level is nondegenerate. 16 • 28 In the presence of a magnetic field hot-bands from levels 56 and 265 cm -I showed pronounced broadening in the absorption spectrum indicating a Zeeman effect due to twofold degeneracy ofthese levels. 10 Hot-bands from other electronic energy levels in the 3 H4 state did not appear to be affected by the magnetic field. Extension of the analysis of the hot-bands in 2.0r---------:;::o::;:: ---------.------------,----- the absorption spectra of 3 P 2 and ID 2 levels await additional experiments to be made on new crystals since the original crystals have deteriorated over the years. A preliminary set of crystal-field electronic energy levels for the 3 H4 state is given in Table VI . The number in parentheses gives the degeneracy of the level.
The ground state 7F6 ofTb 3 + is split into seven nondegenerate and three doubly degenerate crystal-field electronic energy levels when Tb 3 + ions occupy sites of S4 symmetry in the sesquisulfide lattice. The excited state 5 D4 contains five nondegenerate and two doubly degenerate crystal-field electronic energy levels. Hot-bands observed in the absorption spectra at 10, 80, and 300 K of the two lowest levels of this state at 20 250 and 20 200 cm -I have been analyzed to give the splitting of the 7 F6 state as follows: 0, 6, 29, 65, 130, 175, 190, 230, 300 , and 310 cm -I. The levels at 6, 300, and 310 cm -I are estimated by analyzing the shoulders found on several ofthese hot-bands. 16.17 Analysis of the magnetic susceptibility data indicates the electronic ground state level and levels at 6 and 29 cm -I are nondegenerate. 16 • 17 The three doubly degenerate levels were chosen on the basis of the prediction made by the lattice-sum calculation given in the next section.
The ground state 6H 15/2 of Oy3+ is split into eight doubly degenerate crystal-field electronic energy levels. Part of the absorption spectra has already been published. 2 . 18 Subsequent magnetic susceptibility measurements made by Burriel 28 and the heat-capacity measurements reported in Ref. 4 indicate the y-phase Oy 2S3 undergoes magnetic ordering around 3 K. Analysis of the hot-band absorption spectra at 10, 80, and 300 K (above the magnetic ordering temperature) establish the splitting of the 6H 15 / 2 as 0, 52, 145, 190, 240, 265 , and 310 cm -I. The lattice sum calculation given in the next section predicts the eighth electronic energy level at 600 cm -I. The room-temperature absorption spectrum contains a hot-band possibly from an electronic level at 550 cm -I. The peak is broad and weak so that the level reported in Table VI must be considered tentative. (2) 43 (2) 140 (2) 190 (2) 240 (2) 280 (2) 360 (2) 600 (2) • References 10 and 16. bReferences 16, 17, 19, and 34-36 Although the heat-capacity maximum near 3 K reported by Ho et al.13 was interpreted 13, 18 as a consequence of a low-energy electronic level ofDy3 i-on the basis of our analysis in this section it must rather be described as due to magnetic ordering. The eight levels of the ground state 6H 1512 of Dy3 + provide a good fit to the calorimetric Schottky data of Fig. 4 . But if one level is used to fit the 3 K maximum (as an electronic anomaly) the remaining portion of the spectroscopically derived Schottky heat-capacity contribution accounts only for approximately one half of that obtained from calorimetry. This emphasizes the strength of the thermophysical approach.
VII. THEORETICAL SPLITTING OF THE GROUND· STATE MANIFOLD: THE LATTICE SUM APPROACH
A second approach to establishing the energies of the crystal-field electronic energy levels of the ground state of the trivalent lanthanide ion in the sesquisulfide lattice has been to calculate the theoretical splitting using crystal-field parameters B km determined from a lattice-sum calculation. Details of this approach are given by Morrison and Leavitt for Ln 3 + in an extensive review of the energy levels oflanthanide ions in various host crystals. 3 4-36 Specifics related to the sesquisulfide lattice are reported by Gruber, Leavitt, and Morrison. 19 Following the method of Morrison and Leavitt 34 a set of B km parameters for Ce 3 + through Dy3 + in yphase Ln 2 S 3 was generated and used to interpret magnetic susceptibility data. The results were reported at several conferences. '6 . '7 The parameters generated for Pr 3 i-, Tb 3 + , and Dy3 !-(Refs. 16 and 17) were used in this paper to calculate the splitting of the 2S + I L J ground state for each respective ion. We present the results of each calculation in Table VI . The number in parentheses represents the predicted degeneracy for the electronic energy level. As we pointed out earlier, the assignment of degeneracy of the levels in the 7 F6 state of Tb 3 + is based on the results of the calculation. We were not able to do a Zeeman experiment on the terbium sample due to its poor optical quality. Although only part of the absorption spectra were analyzed, leading us to be cautious regarding these analyses, the results of the theoretical splittings appear to be consistent with our experimental assignments and further suggest that the experimental electronic energy levels deduced from an analysis of the hotbands appearing in the absorption spectra are reliable. The experimental levels can be used to calculate the Schottky contributions to the heat capacity displayed in Figs. 2-4 . The overall agreement is reasonable.
In summary, papers I and II for the series of y-phase Ln 2 S 3 compounds, where Ln represents La to Dy, describe the thermophysical properties which can be interpreted using the volumetric method of analysis. The lattice contribution to the heat capacity can be systematically subtracted from the total measured heat capacity leaving the remainder due to the Schottky contribution and some low-temperature magnetic anomalies.
